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Background: Increased generation of toxic amyloid 3 peptide (AB) in the brain is central to the pathogenesis of Alzheimer’s

disease (AD).

Results: COPS5 (Jab1) is a novel RanBP9-interacting protein that robustly increases A3 generation
Conclusion: COPS5 increases A generation by stabilizing RanBP9 protein levels.
Significance: Lowering COPS5 levels may be an effective therapeutic approach for AD.

Increased processing of amyloid precursor protein (APP) and
accumulation of neurotoxic amyloid 3 peptide (Af) in the brain is
central to the pathogenesis of Alzheimer’s disease (AD). Therefore,
the identification of molecules that regulate A3 generation is cru-
cial for future therapeutic approaches for AD. We demonstrated
previously that RanBP9 regulates A 3 generation in a number of cell
lines and primary neuronal cultures by forming tripartite protein
complexes with APP, low-density lipoprotein-related protein, and
BACE], consequently leading to increased amyloid plaque burden
in the brain. RanBP9 is a scaffold protein that exists and functions
in multiprotein complexes. To identify other proteins that may
bind RanBP9 and regulate A f3 levels, we used a two-hybrid analysis
against a human brain ¢cDNA library and identified COPS5 as a
novel RanBP9-interacting protein. This interaction was confirmed
by coimmunoprecipitation experiments in both neuronal and non-
neuronal cells and mouse brain. Colocalization of COPS5 and
RanBP9 in the same subcellular compartments further supported
the interaction of both proteins. Furthermore, like RanBP9,
COPS5 robustly increased A generation, followed by increased
soluble APP-f (sAPP-f) and decreased soluble-APP-« (sAPP-«)
levels. Most importantly, down-regulation of COPS5 by siRNAs
reduced A generation, implying that endogenous COPS5 regu-
lates A generation. Finally, COPS5 levels were increased signifi-
cantly in AD brains and APAE9 transgenic mice, and overexpres-
sion of COPS5 strongly increased RanBP9 protein levels by
increasing its half-life. Taken together, these results suggest that
COPS5 increases Af3 generation by increasing RanBP9 levels.
Thus, COPS5 is a novel RanBP9-binding protein that increases
APP processing and Af3 generation by stabilizing RanBP9 protein
levels.
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Alzheimer’s disease (AD)? is an irreversible neurodegenera-
tive disorder that presents with progressive intellectual deteri-
oration involving memory, language, and judgment, ultimately
leading to a total dependence on nursing care. It is now esti-
mated that nearly 35.6 million patients are affected by AD
worldwide and that about 4.6 million new cases are added each
year, causing an enormous societal and economic burden (1).
Accumulation of amyloid plaques made up of amyloid B pep-
tide (AB), derived from amyloid precursor protein (APP)
through the action of 8 and y-secretases is a major hallmark of
AD. Converging genetic, biochemical, and pathological evi-
dence strongly indicates that A plays an early and crucial role
in AD pathogenesis (2). Additionally, it was discovered recently
that the A673T coding mutation in APP protects significantly
against memory decline in patients with AD as well as in the
normally aging population by decreasing A levels (3). These
findings provided a significant boost to the role of APP metab-
olism as a cause of not only familial but also sporadic cases of
AD.

AD is a multifactorial and heterogeneous disease that has
been suggested to have a strong genetic basis with heritability
estimates of up to 80% (4). Twin and family studies have con-
firmed that genetic factors are estimated to play a crucial role in
at least 80% of AD cases (5). However, genetic variants in the
four well established genes, namely APP, presenilin 1, preseni-
lin 2, and ApoE, account for less than 1% of AD cases (6). If we
combine these well established genes with the newly identified
nine genetic risk factors from the genome-wide association
studies for late-onset AD, they together account for only less
than half of this heritability (7). Therefore, additional risk genes
need to be identified. The recent failure of secretase inhibitors

2 The abbreviations used are: AD, Alzheimer’s disease; AB, amyloid 8 peptide;
APP, amyloid precursor protein; SD, selective dropout; X-gal, 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside; CTF, C-terminal fragment; bis-tris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;  LRP,
low-density lipoprotein receptor-related protein; NC, normal control; LFA,
lymphocyte function-associated antigen 1; FL, full-length.
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at the clinical trials because of unacceptable levels of toxicity
also indicates the need for the identification of all proteins that
regulate or modulate A generation so that they may be tar-
geted for novel designs in future therapeutic approaches.

RanBP9 is a scaffolding protein implicated in a variety of
functions through integration of cell surface receptors with
intracellular signaling targets (8). Recently, RanBP9 was found
to be within the clusters of RNA transcript pairs associated with
markers of AD progression, suggesting that RanBP9 might con-
tribute to the pathogenesis of AD (9). In fact, even before this
finding, we showed for the first time that RanBP9 protein levels
are increased 6-fold in AD brains (10) and that RanBP9 overex-
pression increases A3 generation 4-fold in cell cultures by
increasing B-secretase-mediated processing of APP (11) and
also increases amyloid plaques in mouse brains (12), which, in
turn, leads to a significant loss of synaptic proteins (12). Because
RanBP9 is known to exist in large multiprotein complexes of
greater than 670 kDa (13, 14), we speculated that A3 generation
may be modulated by several other RanBP9-binding proteins.
Therefore, we used RanBP9 as bait in a yeast two-hybrid screen
and identified COP9 constitutive photomorphogenic homolog
subunit 5 (COPS5) as a bona fide binding partner of RanBP9.
We confirmed COPS5 binding to RanBP9 under overexpres-
sion conditions using tagged antibodies and also binding of
endogenous proteins in HEK293 and N'T2 cells as well as mouse
brains. We also show here that COPS5 increases A3 generation
by stabilizing RanBP9 protein levels.

EXPERIMENTAL PROCEDURES

DNA Constructs—To subclone the bait constructs for the
RanBP9-LisH and RanBP9-SPRY domains, PCR-amplified
¢DNA encoding the human RanBP9-LisH region (amino acids
365-397) and RanBP9-SPRY region (amino acids 213-365)
were amplified using PcDNA3-FLAG-RanBP9 as a template.
The amplified DNA was ligated into the Ncol-Sall restriction
sites of the pGBKT7 vector (Clontech, Palo Alto, CA), resulting
in the pGBKT7-LisH and pGBKT7-SPRY constructs. These
bait cDNAs were cloned in-frame with the Gal4 DNA-binding
domain. The CTLH domain of RanBP9 was also cloned into the
pGBKT?7 vector in the same Ncol-Sall restriction sites. FLAG-
HA-COPS5 was a gift from Dr. Wade Harper (Addgene plas-
mid no. 22541). GFP-RanBP9-FL construct was received from
Dr. Hideo Nishitani, Kyushu University, Japan. The A1, A2, and
A3 GFP-RanBP9 deletion constructs were prepared by a com-
bination of PCR amplification and restriction digestions. All of
these cDNA constructs were sequence-verified, and protein
expression was confirmed prior to use.

Chemicals and Antibodies—The minimal selective dropout
(SD) base, minimal SD agar base, and dropout-Ade/-His/-Leu/-
Trp supplement were all purchased from BD Biosciences. X-a-
Gal (5-bromo-4-chloro-3-indolyl-a-p-galactopyranoside) was
from Research Products International (Mt. Prospect, IL). Kana-
mycin solution was from Teknova (Hollister, CA). Ampicillin,
adenine, leucine, tryptophan, histidine, salmon sperm double-
stranded DNA (single-stranded DNA), and protease inhibitor
mix for use in mammalian cells were from Sigma-Aldrich. The
anti-mouse IgG-agarose beads and anti-rabbit IgG-agarose
beads were from American Qualex International (San Clem-
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ente, CA). The polyclonal antibodies CT15 (against the C-ter-
minal 15 residues of APP) and 63d (against the APP ectodo-
main) have been described previously (11). The monoclonal
antibody Ab9 used for immunoprecipitation of A3 was purified
from supernatants of the hybridoma generated in mice by Bio-
matik Corp. (Ontario, Canada). The monoclonal antibody 6E10
(catalog no. SIG-39300, recognizing 1-17 of the A sequence)
was obtained from Covance Research (Denver, CO). Polyclonal
anti-sAPPB-WT antibody (catalog no. 18957) was purchased
from IBL Co. Ltd (Gunma, Japan). Monoclonal antibody
against RanBP9 was produced by immunizing mice with a pep-
tide corresponding to the 146 —729 amino acids of RanBP9 as
described previously (11). Anti-FLAG tag antibody (M2, cata-
log no. F3165) was purchased from Sigma. Anti-Jabl rabbit
monoclonal antibody (catalog no. 5156-1) was purchased from
Abcam (Cambridge, MA). Mouse monoclonal anti-JAB1 anti-
body clone 2A10 (catalog no. NB120-495) was purchased from
Novus Biologicals (Littleton, CO). Anti-BACE1 monoclonal
antibody (catalog no. H00023621-Mo2) was obtained from
Abnova (Taipei, Taiwan). The polyclonal antibody 1704 recog-
nizing the cytoplasmic domain of human LRP has been
described (11). Mouse monoclonal anti-gfp, clone N86/8, was
obtained from Antibodies Inc. (University of California Davis,
National Institutes of Health NeuroMab, Davis, CA). Mouse
monoclonal antibody against B-actin (catalog no. A00702) was
purchased from Genscript USA Inc. (Piscataway, NJ). All sec-
ondary antibodies were purchased from Jackson Immuno-
Research Laboratories (West Grove, PA). All antibodies were
diluted in 5% nonfat milk in Tris-buffered saline with 0.1%
Tween 20 (TBS-T) buffer.

Yeast Two-hybrid Screen—The expression of the pGBKT7-
LisH and pGBKT7-SPRY constructs was confirmed for protein
expression by immunoblotting. Initially the constructs were
tested for self-activation of the His3 reporter gene in the
absence of the prey plasmid by plating transformed yeast on
selective dropout plates lacking leucine and tryptophan. This
was to rule out the possibility that the bait cDNA itself, in the
absence of an interacting protein, might act as a transcriptional
activator of the His gene. We used a high-stringency protocol to
screen the library from human brain fused with the Gal4 trans-
activation domain constructed in the PGADT7-T plasmid
(Clontech). The yeast two-hybrid screening was performed in
the AH109 yeast strain, which contains three reporters (ADE2,
HIS2, and MEL1). The bait plasmid was initially transformed
into AH109, and growth was selected in SD dropout plates lack-
ing tryptophan as described previously (15). These yeast strains
expressing the RanBP9-LisH or RanBP9-SPRY domains were
then used individually for mating with the Tyr-187 mating
strain transformed with a ¢cDNA library made from human
brain and plated them on SD dropout plates lacking adenine,
histidine, leucine, and tryptophan. Yeast was allowed to grow
for 72 h at 30 °C before His+ cells were scored and an X-gal
(5-bromo-4-chloro-3-indolyl- 3-p-galactopyranoside) overlay
assay was performed. Colonies that grew under histidine
(His+) were then tested for galactosidase expression. Colonies
that were positive for both His+ and -galactosidase (LacZ)
were selected as first-round positives. The interactions were
then verified by recovering prey plasmids from positive colo-
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nies, transforming them into yeast strains expressing the
RanBP9-LisH or RanBP9-SPRY domains as bait and reconfirm-
ing the HIS+ and LacZ+ phenotype. The plasmid DNAs from
the yeast were shuttled to bacteria by standard methods and
subjected to endonuclease restriction digest analysis to sort out
both different and identical cDNA library plasmids. Different
sizes of cDNA prey inserts from yeast that grew under selection
were sequenced. The identities of the prey inserts were deter-
mined by Basic Local Alignment Search Tool comparison
against the National Center for Biotechnology database.

Cell Cultures, Transient Transfections, and Immunopre-
cipitations—HEK293FT and human neuron-committed tera-
tocarcinoma (NT2) cells were grown in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum, 2 mm L-glu-
tamine, 100 pg/ml penicillin, and 100 pwg/ml streptomycin. For
coimmunoprecipitations and APP metabolism studies, tran-
sient transfections were performed using Lipofectamine 2000
(Invitrogen) and Opti-MEM I (Invitrogen). Equal amounts of
empty vectors were included to keep the overall DNA quantity
constant for all experimental groups. Coimmunoprecipitations
were carried out exactly as described previously (11). Forty-
eight hours after the transfection, conditioned media were col-
lected for the detection of AB and sAPPs, and the lysates were
used for the detection of C-terminal fragments (CTFs) and APP
holoprotein.

Quantitation of AB, CTFs, and sAPPs in NT2 Cells— After
48 h of transient transfections, the conditioned medium was
collected, centrifuged to remove cell debris, and immunopre-
cipitated overnight using a monoclonal Ab9 antibody (recog-
nizing the 1-16 amino acids of AB) to pull down total AB. After
SDS-PAGE electrophoresis using NuPAGE 4 —12% bis-tris gels,
total A was detected by immunoblotting using a mixture
of 6E10/82E1 antibodies, which reliably detect total AB as
described previously (10-12). The conditioned medium was
also immunoblotted to detect sAPPa (6E10), sAPPSB (anti-
sAPPB-WT, and rabbit IgG; IBL America Ltd.) and sAPPtotal
(63G) using the indicated antibodies. To detect APP holopro-
tein and CTFs, the cells were lysed using lysis buffer (1% Non-
idet P-40) with complete protease inhibitor mix (Sigma), and
equal amounts of proteins were loaded in to each well and sub-
jected to SDS-PAGE electrophoresis. Following transfer onto
PVDF membranes, they were blocked with 5% milk in TBS-T
and incubated overnight with primary antibodies, followed by
1-4 h of incubation with HRP-conjugated secondary antibod-
ies, such as monoclonal goat anti-mouse IgG light chain or
polyclonal goat anti-rabbit IgG light chain. The protein signals
were detected using Super Signal West Pico chemiluminescent
substrate (Pierce). Quantitation of Western blot signals was
done using Java-based Image] software available freely from the
National Institutes of Health.

AB Detection by ELISA—We also used ELISA for detection of
AP levels because of a significant reduction of COPS5 siRNAs
that exceeded the detection limit of immunoblot analyses for
AB. A19-nucleotide siRNA duplex targeting COPS5 or RanBP9
and scrambled control siRNA were synthesized and supplied in
a2'-deprotected, annealed, and desalted format from Dharma-
con (Lafayette, CO). The siRNAs were transiently transfected
into neuro-2A (N2A) cells stably expressing the APP695swe
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mutation at 50-100 nMm final concentrations using Lipo-
fectamine 2000 (Invitrogen), according to the instructions pro-
vided by the manufacturer. After 24 h of the first transfection, a
second transfection was performed to enhance the knockdown
effect of the siRNAs. Twenty-four hours after the second trans-
fection, conditioned media were collected and centrifuged to
remove the debris. A3 was detected by sandwich ELISA exactly
as described previously by our laboratory (11).
Immunocytochemistry—To localize endogenous proteins,
anti-COPS5 or anti-RanBP9 antibodies were used either alone
or together. The staining procedure was exactly as described
previously (10) except that here we used a different type of cells.
Statistical Analysis—Immunoblot signals for AB, CTFs,
sAPPs, APP holoprotein, COPS5, RanBP9, and actin were
quantified using Image] software. Statistical significance was
established by either Student’s ¢ test or analysis of variance fol-
lowed by post hoc test using Instat3 software (GraphPad Soft-
ware, San Diego, CA). We used a two-tailed p value, assuming
that populations may have different standard errors. The data
presented are mean * S.E. The data were considered significant
only if p < 0.05 (* p < 0.05; **, p < 0.01; and ***, p < 0.001).

RESULTS

The RanBP9-LisH Domain Binds COPSS5 in the Yeast Two-
hybrid System—Recently, RanBP9 was found to be within the
clusters of RNA transcript pairs associated with markers of AD
progression, suggesting that RanBP9 might play a pathogenic
role in AD (9). In fact, down-regulation of RanBP9 significantly
reduced AB generation in primary neuronal cultures (11),
implying that RanBP9 regulates A8 generation. This novel find-
ing led us to strongly believe that RanBP9 and RanBP9-binding
proteins are excellent therapeutic targets for AD. Therefore, to
identify novel RanBP9 functional modulators, we performed a
yeast two-hybrid screening of a human brain ¢cDNA library
using the human RanBP9-LisH domain as well as the RanBP9-
SPRY domain as bait. We used a stringent protocol (quadruple
dropout plates) to reduce the number of false positives. Of more
than 1 million clones screened, we identified several colonies
that repeatedly tested positive by turning blue and growing on
the quadruple dropout plates. Among them, we were particu-
larly interested in a clone that turned out to contain the partial
c¢DNA for the COP9 constitutive photomorphogenic homolog
subunit 5 (COPS5, also called Jab1l). Thus, yeast colonies that
turned blue only when COPS5 was cotransformed with the
RanBP9-LisH domain, but not when cotransformed with
RanBP9-CTLH domain or when transformed with pGB-empty
vector alone or with pGB-lamin used as a negative control, sug-
gested a positive interaction between COPS5 and the RanBP9-
LisH domain (Fig. 1A4). The interaction between RanBP9-LisH
and COPS5 was confirmed by quantitatively assaying for 3-ga-
lactosidase activity using chlorophenol red-3-p-galactopyrano-
side as a substrate. Fig. 1B shows that the (-gal activity of
RanBP9-LisH and COPS5 was 240 units (p < 0.001), almost
comparable with the levels of 357 units (p < 0.001) for p53-T7,
widely used as positive controls for Gal4-based yeast two-hy-
brid screens. The negative control, lamin, was only 37 units.
Thus, RanBP9 binds COPSS5 in the yeast two-hybrid system.
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FIGURE 1. The RanBP9-LisH domain interacts with COPS5 (Jab1) in ayeast
two-hybrid system. A, after isolating COPS5 from the human brain cDNA
library, pGB and pGAD vector combinations with or without COPS5, as men-
tioned in the figure, were cotransformed into the AH109 yeast strain, and
resulting colonies were restreaked onto high-stringency plates containing
kanamycin and X-gal. Robust growth and a change in color to blue indicated
a physical interaction between the RanBP9-LisH domain and COPS5. B, quan-
titation of B-gal activity in liquid cultures of colonies transformed with pGB-
RanBP9-LisH and pGAD-COPS5 demonstrated almost comparable levels to
the widely used positive controls (p53 and T7), whereas the activity in the
negative control (pGB-lamin) was negligible. One-way analysis of variance
followed by post hoc Tukey-Kramer multiple comparisons test revealed sig-
nificant differences. ***,p < 0.001. The data are mean = S.E., and n = 4/group.

RanBP9 Binds COPS5 in Cells and Mouse Brain—Next we
used coimmunoprecipitation to confirm that the interaction
occurs in a mammalian system. HEK293FT cells were cotrans-
fected with cDNAs encoding FLAG- and HA-tagged COPS5
and GFP-tagged RanBP9. 150 ug of 1% Nonidet P-40 lysates
were subjected to immunoprecipitation with anti-GFP anti-
bodies. The immunoprecipitated complexes specifically con-
tained FLAG-COPS5, which was detected by an anti-FLAG
antibody (Fig. 24). In the GFP-antibody minus controls, which
contained only mouse IgG-agarose beads, FLAG-COPS5 was
not detected. GFP-RanBP9 detected by GFP antibody is also
shown. We further confirmed these interactions in the recipro-
cal coimmunoprecipitations, as shown in Fig. 24 (lower panel).
Input (Inp) lysates corresponding to 150 ug of total proteins
were loaded for comparison. Endogenous RanBP9 and COPS5
protein interactions were also confirmed in both HEK293 cells
and mouse brain lysates. The 1% Nonidet P-40 lysates from
HEK293 cells or mouse brains were ultracentrifuged, and the
total proteins were quantified in the supernatants by the BCA
method. Overnight incubation of equal amounts of protein
lysates with polyclonal COPS5 antibody but not with control
IgG beads specifically pulled down RanBP9 protein in HEK293
cells as well as mouse brains (Fig. 2B). These results confirmed
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FIGURE 2. Overexpressed and endogenous COPS5 bind RanBP9 in
HEK293FT cells and mouse brain by coimmunoprecipitations. A, HEK293
cells were cotransfected with FLAG-COPS5 and GFP-RanBP9 vector combina-
tions, as mentioned in the figure, and the lysates were subjected to immuno-
precipitations with the indicated antibodies. FLAG-COPS5 was pulled down
only when polyclonal antibody, anti-GFP, was included to precipitate GFP-
RanBP9 (upper panel). Similarly, in the reciprocal immunoprecipitations, GFP-
RanBP9 was pulled down only when the anti-FLAG antibody M2 was included
(lower panel), confirming a physical interaction between RanBP9 and COPS5.
The pulled-down proteins are compared with lysates used as inputs (Inp). The
levels of GFP-RanBP9 and FLAG-COPSS5 pulled down after immunoprecipita-
tion with their respective antibodies are also shown. B, endogenous COPS5
was pulled down by monoclonal anti-RanBP9 antibody in both mouse brains
(upper panel) and HEK293 cells (lower panel). Reciprocal immunoprecipita-
tions also demonstrated a specific interaction between RanBP9 and COPS5
(lower panel). Anti-COPS5 antibody also pulled down APP (CT15), LRP-B chain
(1704), and BACE1 (monoclonal anti-BACE1) in HEK cells. COPS5 protein
pulled down with anti-COPS5 antibody is also shown for each immunopre-
cipitated protein. C, mapping of RanBP9 binding with COPS5 using RanBP9
deletion mutants. The left panel shows the protein expression of RanBP9-FL
and deletion mutants at the bottom (the numbers in parenthesis indicate
amino acid residues). The right panel shows that COPS5 was pulled down by
RanBP9-FL, A2, and A3 mutants but not by A1. IP, immunoprecipitation.

that not only the exogenous proteins but also endogenous
RanBP9 and COPS5 interact with each other. Interestingly,
immunoprecipitation with COPS5 antibody also pulled down
APP (CT15), LRP-B chain (1704), and BACE1 (anti-BACE1) in
HEK cells, suggesting that, like RanBP9, COPS5 also interacts
directly with these proteins (Fig. 2B). COPS5 protein pulled
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FIGURE 3. Endogenous RanBP9 and COPS5 colocalize in HEK293 and NT2
cells. HEK293 and NT2 cells were stained with monoclonal anti-RanBP9 and
polyclonal COPS5 antibodies by immunocytochemistry. DAPI detected
nuclei, and the merged images show a yellow color, demonstrating colocal-
ization of endogenous RanBP9 and COPS5 in both HEK293 and NT2 cells.

down after immunoprecipitations with anti-COPS5 antibody is
shown for both HEK cells and mouse brains (Fig. 2B).

The RanBP9-LIS1 Homology (LisH) Domain but Not the
C-terminal to LisH (CTLH) and CT11-RanBP9 (CRA) Domains
Bind COPS5—To map the domains within RanBP9 that bind to
COPS5, we prepared different deletion mutants of RanBP9 as
fusion proteins to GFP. These mutants were transiently
cotransfected with FLAG-COPS5 in HEK293 cells and immu-
noprecipitated overnight with an anti-GFP antibody. The left
panel of Fig. 2C shows the expression of proteins for the
RanBP9-GEP deletion mutants. COPS5 was pulled down only
when RanBP9 FL or the A2 or A3 mutants were cotransfected
but not when Al was cotransfected (Fig. 2C, right panel). This
suggests that only the full-length or the LisH-SPRY domains of
RanBP9, but not the CTLH and CRA domains, bind to COPS5.

RanBP9 and COPSS Colocalize in the Same Subcellular
Compartments—We demonstrated previously that the RanBP9
protein is present throughout the cytoplasm, including the
complex neurite networks in the primary neuronal cultures and
in the dendritic arbor in the adult mouse brain (12). Also, in our
previous study, when COPS5 was transiently expressed in COS
cells, COPS5 was found to be diffusely distributed throughout
the cell (16). Although exogenous expression of proteins and
staining for epitope-tagged proteins may provide some esti-
mate for their localization, they do not reflect the absolute in
vivo situation. Therefore, we next performed double immuno-
staining for the endogenous proteins using polyclonal COPS5
and monoclonal RanBP9 antibodies. Unlike the exogenously
expressed proteins, the staining pattern was not so diffuse for
endogenous RanBP9 and COPS5, both in HEK293 and NT2
cells. In both types of cells, the staining is markedly enriched in
the cytoplasm (Fig. 3, first and second columns). DAPI staining
was used to localize the nucleus (Fig. 3, third column). The
merged images show an intense yellow color in the cytoplasm
(Fig. 3, fourth column), suggesting that endogenous RanBP9
and COPS5 interact in the cytoplasm of both HEK293 and NT2
cells.

COPSS Overexpression Strongly Increases [3 Site Cleavage of
APP and AB Generation—The above demonstration of inter-
action between RanBP9 and COPS5 by immunoprecipitations
and the colocalization by double immunofluorescence labeling
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suggests that COPS5-RanBP9 binding has a physiological sig-
nificance. Next, to verify whether COPS5 influences APP
metabolism and A generation, as does RanBP9, we first quan-
tified A levels under COPS5 overexpression conditions in cell
cultures. NT2 cells were transiently cotransfected with APP751
and FLAG-COPS5-FL. After 48 h, the conditioned media were
recovered, and debris was removed by centrifugation at low
speed. AB levels in the conditioned media were quantified by
immunoprecipitations and SDS-PAGE electrophoresis as
described previously by our laboratory (11). To minimize the
variations in sample loading, we normalized the levels of Af,
CTFs, and sAPPs to that of actin. Ab9 antibody (N terminus
mADb, epitope AB1-16) was used to immunoprecipitate A,
and a combination of 6E10/82E1 antibodies were used for
detection (11, 17, 18). The result revealed a 3-fold increase (p <
0.001) in AB levels and more than a 3-fold increase (p < 0.001)
in the CTF levels upon COPS5 overexpression (Fig. 4, A and B).
Detection with the COPS5 antibody confirmed the expression
of exogenous FLAG-COPS5 only in the COPS5-transfected
cells (Fig. 4A, left panel). The same antibody also detected
endogenous COPS5 in all samples (Fig. 44, left panel, Endo
COPSS5). Levels of APP holoprotein did not differ between the
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COPS5-transfected and the control vector-transfected cells.
However, quantitation of sAPPs from the conditioned media
also revealed significant differences. sAPP-f3 levels were
increased by 39% (p < 0.01), and sAPP-« levels were decreased
by 40% in the COPS5-transfected NT2 cells compared with
cells transfected with control vector (Fig. 4, A and B). Taken
together, these results demonstrate that COPS5, like RanBP9,
increases f3 site processing of APP at the cost of a-secretase,
processing leading to increased levels of AB/sAPP-B and
decreased levels of SAPP-« in the conditioned media.

COPSS5 Is Essential for AB Generation in NT2 Cells—Given
that COPS5 overexpression significantly increased the genera-
tion and secretion of A B, we next wanted to determine whether
reducing the COPS5 protein levels would decrease A levels. If
COPS5 is essential for AB generation, then the absence of
COPS5 should reduce A levels. Indeed, we found a 54% (p <
0.01) reduction in AB levels, as determined by ELISA, and a 63%
(p < 0.01) reduction in CTF levels, as determined by immuno-
blot analyses when COPS5 was knocked down using COPS5-
specific synthetic siRNAs compared with scrambled control
siRNAs (Fig. 5, A and B). COPS5 synthetic siRNAs visibly
reduced COPS5 and RanBP9 protein levels compared with
scrambled control siRNAs (Fig. 54, second and third rows).
Quantitation revealed a 75% (p < 0.01) reduction in COPS5
levels and a 35% (p < 0.05) reduction in RanBP9 levels (Fig. 5C).
However, neither the APP holoprotein nor actin levels were
altered (Fig. 5A, fourth and fifth rows), suggesting that the effect
of COPS5 siRNA is specific and that the reduced A levels are
due to a reduction in the levels of COPS5 and protein. This
confirms the regulatory role of COPS5 in A3 generation.

To test whether reducing RanBP9 protein levels in the back-
ground of COPS5 overexpression would affect A3 generation,
we transiently cotransfected NT2 cells with APP751 and the
control vector; APP751, FLAG-COPS5, and control siRNAs;
and APP751, FLAG-COPS5, and RanBP9 siRNAs. In the pres-
ence of control siRNAs, COPS5 overexpression increased Af3
generation to 316% (p < 0.001) when compared with APP751-
only-transfected cells (Fig. 5D). However, when RanBP9-spe-
cific siRNAs were cotransfected, the increase in A levels was
only 210% (p < 0.01) and, thus, reduced A levels by 105%,
which was statistically significant (p < 0.001). This suggests
that COPS5-induced AP generation is probably through
RanBP9.

COPS5 Promotes Stabilization of RanBP9 Protein—Because
COPS5 is known to regulate the stability of several proteins, we
first measured the steady-state levels of RanBP9 protein with or
without COPS5 overexpression. We found a robust increase in
the normalized (to actin) levels of both RanBP9-FL and the
N-terminal proteolytic product, RanBP9-N60. RanBP9-FL was
increased to 358% (p < 0.01), and RanBP9-N60 was increased
to 248% (p < 0.05) in COPS5-transfected cells compared with
control vector-transfected cells (Fig. 6, A and B). To test the
effect of COPS5 overexpression on RanBP9 protein stability, we
inhibited protein synthesis with cycloheximide (Fig. 6C). We
transfected NT2 cells with RanBP9 with (Fig. 6C, A lanes) or
without (B lanes) COPS5, followed by incubation with CHX
and the cells were lysed at different time points. We demon-
strated previously that RanBP9 has a half-life of about 1 h (10),
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and after 48 h, the lysates were immunoblotted to detect CTFs, COPS5,

RanBP9, APP-FL, and actin. B, the conditioned media from the experiments in

A were subjected to ELISA detection and quantitation of AB40. Compared

with control siRNAs, COPS5 siRNAs reduced AB40 levels by 54% and CTF

levels by 63%. C, quantitation of COPS5 levels by ImageJ revealed a 75%

reduction and that of RanBP9 a 35% reduction in COPS5 siRNA-transfected

cells compared with the controls. D, to examine the role of RanBP9 in COPS5-
induced increased AR levels, NT2 cells were transiently transfected with

APP751 plus control vector, APP751 plus FLAG-COPS5 plus control siRNAs,

and, finally, APP751 plus FLAG-COPS5 plus RanBP9 siRNAs. AB quantitation in

the conditioned media showed increased A levels to 315% in the APP plus

COPS5 plus control siRNA-transfected cells and a reduction to 210% when

RanBP9 siRNAs were transfected. Protein levels were normalized to actin, and

data are expressed as percentage change from controls and were analyzed by

Student’s t test or analysis of variance followed by Tukey-Kramer multiple

comparison test. Data are + S.E.,and n = 4. %, p < 0.05; **, p < 0.01; ***, p <

0.001.

and, therefore, we monitored transfected cells for up to4 h. The
immunoblot band intensities were measured and quantified at
different time points for both RanBP9-FL and RanBP9-N60,
revealing striking differences between vector controls and
COPS5-transfected cells, especially at later time points (Fig.
6C). The analysis demonstrated that transfected RanBP9 has a
half-life of about 1 h, consistent with our previous results (10).
However, in the presence of COPS5, more intense bands of
both RanBP9-FL and RanBP9-N60 were seen as late as 4 h after
cycloheximide addition, by which time RanBP9 completely dis-
appeared in the vector-transfected control cells (Fig. 6C). The
data were normalized to actin levels, which remained stable at
all times points tested in this study, even in the presence
of cycloheximide, as reported previously (19). Normalized
RanBP9 protein levels plotted against time are shown in Fig. 6D,
which clearly indicates that the RanBP9 half-life is increased
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FIGURE 6. COPS5 robustly increases RanBP9 protein levels in NT2 cells. A,
NT2 cells were transiently cotransfected with vectors encoding GFP-RanBP9
plus either FLAG-COPSS5 or control vector (Control Vect). After 48 h, the lysates
were subjected to SDS-PAGE electrophoresis, and RanBP9, COPS5, and actin
were detected using their specific antibodies. B, quantitation by ImageJ
revealed more than a 3-fold increase in the levels of normalized (to actin)
RanBP9-FL and more than a 2-fold increase in the normalized levels of the
proteolytically cleaved form, RanBP9-N60. C, NT2 cells were transiently trans-
fected with RanBP9-FL with (A) or without COPS5 (B) and were treated with
cycloheximide (100 wg/ml) for the indicated time points. Monoclonal anti-
RanBP9 antibody was used to detect RanBP9-FL and RanBP9-N60. Monoclo-
nal COPS5 antibody detected both the exogenous FLAG-COPS5 and the
endogenous (Endo) COPS5. Actin was used as a loading control. D, ImageJ-
quantitated normalized levels of RanBP9-FL were plotted against time. Data
were expressed as percentage change from vector controls and analyzed by
repeated measures analysis of variance followed by Dunnett multiple com-
parison test. Data are + S.E.,and n = 3.**,p < 0.01.

to > 4 h in the presence of COPS5 compared with a half-life of
approximately 1 h without COPS5. These data demonstrate
that the interaction with COPS5 leads to RanBP9 stabilization,
which supports the observed increased steady-state level of
RanBP9 in the presence of overexpressed COPS5.

COPSS5 Levels Are Increased in AD Brains and APAE9 Mouse
Brains—To determine whether COPS5 levels were altered in
Alzheimer’s brains, we examined by immunoblotting COPS5
protein expression in the hippocampus from seven pathologi-
cally confirmed AD patients and age-matched normal controls
(NC). The NC and AD brain tissues from both male and females
were obtained from the Harvard Brain Tissue Resource Center.
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jected to SDS-PAGE electrophoresis and immunoblot detection of COPS5,
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processed as in A, and protein bands were quantified by ImageJ. COPS5 levels
were increased to 186% in APAE9 mice compared with WT controls. Levels of
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centage change from controls and analyzed by Student’s t test for signifi-
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0.001.

The age range of the NC subjects was 7089 years, and the
post-mortem interval was between 15-27.25 h. For AD
patients, the age range was 69 —93 years, and the post-mortem
interval was between 17.58 -30.16 h. The diagnosis of AD was
confirmed in the post-mortem tissue by tau and plaque stain-
ings by the tissue distributors. The COPS5 levels were increased
to 244% (p < 0.01) in AD brains when compared with age-
matched normal controls (Fig. 7A). Similarly, RanBP9-FL was
increased to 307% (p < 0.001), and RanBP9-N60 was increased
to 688% (p < 0.001) in AD brains compared with NC brains
(Fig. 7A). To confirm the specificity of this increase, we also
examined the levels of actin in the same samples and found no
changes in the AD brains versus normal controls. In Fig. 7A we
present the COPS5 and RanBP9 protein levels normalized to
actin levels. Similarly, normalized levels of COPS5 quantified in
12-month-old APAE9 mice in the C57BL/6 background
showed an increase by 86% (p < 0.001) when compared with
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age-matched WT controls also in C57BL/6 background (Fig.
7B). Consistent with the increased COPS5 levels, RanBP9-FL
and RanBP9-N60 levels were also increased by 55% (p < 0.001)
and 270% (p < 0.001), respectively, in the APAE9 brains. Thus,
increased COPS5 levels in the Alzheimer’s brain may increase
the levels of RanBP9 and, consequently, AB levels. Taken
together, these data indicate that COPS5 may play a patholog-
ical role in AD.

DISCUSSION

In this study, we demonstrate that COPS5 is a novel RanBP9-
binding protein. The interaction between RanBP9 and COPS5
was confirmed by coimmunoprecipitations in cultured cells as
well as mouse brains. Additionally, both proteins showed an
overlapping subcellular distribution pattern in non-neuronal as
well as neuronal cell lines, further validating the interaction
between the two proteins. Most importantly, the interaction
between RanBP9 and COPS5 resulted in increased stability of
RanBP9 protein, consequently leading to increased APP metab-
olism and Af generation. These data suggest that RanBP9-
COPS5 interaction has a functional significance.

An indirect support for the interaction of RanBP9 with
COPS5 comes from a previous study that showed both RanBP9
and COPS5 in the same fractions of a multiprotein complex of
more than 440 kDa (14). The existence of both RanBP9 and
COPS5 in the same protein complexes suggests that they may
interact with each other and that such an interaction has func-
tional significance. RanBP9 is a multimodular scaffold protein
known to interact with a great variety of proteins in almost
every subcellular compartment in the cell, including the plasma
membrane (8). Like RanBP9 (20 -22) COPS5 is also present in
the cytoplasm, nucleus, and at the inner leaflet of the plasma
membrane, especially when it is in the free form but not when
bound to the COP9 signalosome (16, 23, 24), suggesting that
both proteins might interact at more than one subcellular loca-
tion. This is also supported by our double-labeling studies,
which showed a yellow color in the merged images at multiple
compartments, reflecting colocalization of endogenous
RanBP9 and COPS5 in both non-neuronal and neuronal cells.
The versatile nature of RanBP9 interaction with diverse pro-
teins is believed to result in several multiprotein complexes
involved in regulating many signaling pathways. The domain
organization of RanBP9 includes the proline-rich domain, PRY,
SPRY (SPla and the ryanodine receptor), LisH, and CTLH,
which are all protein-protein binding domains that greatly
increase the number of possible interactions of a wide variety of
proteins with RanBP9 (8, 11), making it a perfect protein for
scaffolding function. Our two-hybrid screen and domain-map-
ping experiments suggest that it is the LisH domain of RanBP9
that specifically interacts with COPS5. LisH domains are
known to mediate dimerization and oligomerization of pro-
teins as well as to affect protein half-life by binding to other
proteins (25). Mutation of specific conserved amino acids
within the LisH domain reduces the protein half-life (25). These
data are consistent with our observation that COPS5 overex-
pression significantly increased RanBP9 stability, possibly
through binding to the LisH domain of RanBP9.
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COPS5 is known to affect the stability of several proteins.
Previous studies reported that COPS5 binds several essential
cell cycle regulatory proteins such as p27, p53, and Smad4,
resulting in their degradation (26-29). By decreasing the sta-
bility of these proteins, COPS5 has been shown to play crucial
roles in apoptosis and DNA checkpoint and damage repair
(26-29). A more recent study also reported that COPS5 binds
brain-specific kinase 2 (BRSK2) and promotes its degradation
through the ubiquitin proteasome pathway, thereby regulating
G,/M cell cycle arrest (30). Although most protein interactions
with COPS5 resulted in protein degradation, COPS5 interac-
tion with RanBP9 rather stabilized the RanBP9 protein and
increased its half-life. Similarly, COPS5 has been shown to
directly bind and stabilize another protein, hypoxia-inducing
factor 1la (31). Thus, COPS5 can increase the stability of its
interacting protein, most likely through an action on the ubiq-
uitin proteasome system.

COPS5 is evolutionarily conserved across a wide range of
species ranging from plants, yeast, and mice to humans (23),
and COPS5 deletion mice exhibit embryonic lethality (32), sug-
gesting that COPS5 plays some fundamental function in the
cell. A fraction of the COPS5 protein is present in a large molec-
ular complex, the COP9 signalosome, which is largely present
in the nucleus of cells. COPS5 integrated in this complex has a
deneddylase activity toward Cullin-based ubiquitin ligases and,
therefore, affects the ubiquitination of a large number of their
targets. Of note, a relevant fraction of COPS5 can accumulate in
the cytoplasm of cells in a COP9-unbound form. Although pre-
sumably this free form is responsible for many of the described
protein interactions of COPS5, its biochemical function is still
unclear. Although a substantial amount of COPS5 is expressed
in the neurons and the brain, the role of COPS5 in the brain is
completely unknown. Although most studies on COPS5
reported so far were on non-neuronal cells, a recent study
found physical interaction between human serotonin receptor
6 (5-HT.R), a G protein-coupled receptor, and COPS5 (33). In
this study, siRNA-mediated down-regulation of COPS5
decreased the activity of 5-HT (R by reducing its protein expres-
sion, suggesting that COPS?5 is necessary to maintain the activ-
ity and expression of endogenous 5-HT R. In another recent
study, COPS5 was detected within the huntingtin aggregates
(34). These pieces of evidence implicate COPS5 to play impor-
tant roles in the brain and neurological disorders. However, the
exact function of COPS5, especially in the brain, remains
largely undetermined.

Interestingly, some previous observations are consistent
with our conclusion that COPS5 increases A3 generation and
contributes to AD pathogenesis. COPS5 knockdown reduces
B-catenin levels (35), and multimodal interactions between
APP, presenilin 1 (PS1), and 3-catenin have been reported (36),
suggesting that the COPS5--catenin pathway might also con-
tribute to AD pathogenesis.

Because overexpression of COPS5 led to increased RanBP9
protein stability, increased COPS5 levels in Alzheimer’s brains
can be expected to increase RanBP9 protein levels in the Alz-
heimer’s brain. Consistent with this prediction, here we found
increased levels of both RanBP9-FL and RanBP9-N60 in Alz-
heimer’s brains as well as APAE9 transgenic mice. We also
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demonstrated previously that RanBP9 protein levels were
increased in J20 mice, also APP transgenic mice (37). We also
demonstrated that RanBP9 scaffolds a tripartite protein com-
plex by directly binding to LRP, APP, and BACEL, and enhances
their interaction and A generation (10, 11). Similarly, we have
now demonstrated that COPS5 can also bind with APP, LRP,
and BACEL. Further, RanBP9 accelerates endocytosis of APP,
LRP, and B1-integrin by physically interacting with each one of
them, thereby simultaneously regulating cell adhesion and Af3
generation (11, 37). Because endocytosis of APP and LRP
is required for AB generation (38-40), COPS5-mediated
increased A3 generation may be the consequence of increased
RanBP9 protein levels and APP/LRP endocytosis. Interestingly,
we and others previously found COPS5 directly binding to
LFA-1 (16, 41), and LRP is also known to bind to LFA (42).
Thus, by physically binding to RanBP9 and LFA, COPS5 is
likely a part of this protein complex formed by RanBP9. Our
observation that both COPS5 and RanBP9 increase A3 gener-
ation when overexpressed individually, together with a demon-
stration by others that both COPS5 and RanBP9 are present in
the same protein complexes, clearly indicates that the RanBP9-
COPS5 protein complex regulates A generation. This is also
supported by siRNA studies in which down-regulation of
both RanBP9 and COPS5 independently reduced A genera-
tion. Most importantly, RanBP9-specific siRNAs significantly
reduced COPS5-induced increased Af3 levels, suggesting that
both COPS5 and RanBP9 act in the same pathway. Thus,
COPS5 is a novel RanBP9-interacting protein and, like RanBP9,
COPS5 will also be an excellent therapeutic target if the role
of COPS5 in the amyloidogenic processing of APP and A is
confirmed in vivo.
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